Abstract: When drought occurs during the soybean (Glycine max L. Merr.) sowing period, emergence will most likely be affected. We evaluated a diverse panel of 373 plant introductions under controlled environmental conditions for primary root length (PRL) (at 100, 80, 60, 40, and 20% pot water holding capacity (PWHC); pots filled with potting soil that contained Sphagnum peat moss (>50%), bark, and perlite), and time taken for radicle emergence (TRE). The PRL decreased ≥75% at 40% PWHC, compared to 100, 80, and 60% PWHC. No genotypes germinated at 20% PWHC. We identified superior genotypes in terms of PRL and TRE, and found a positive relationship between PRL and emergence that became stronger with decreases in soil moisture levels. This indicates the importance of PRL in improving emergence, which becomes greater with decreases in soil moisture levels or increases in severity of drought. Seed weight was not related to PRL and emergence, indicating that larger seeds will not necessarily have longer PRL and better emergence. As the soybean panel used in this study was previously assessed for traits associated with drought tolerance at the late-vegetative and flowering stages, and the present study assessed it for putative traits related with emergence under various soil moisture conditions, the panel will become an important resource for soybean improvement.
Introduction
Soybean (Glycine max L. Merr.) is the most important oilseed and one of the most important and affordable protein sources worldwide [1] . Soybean is used as a whole seed for direct human food or is crushed for oil and meal. Soybean oil is the second most widely used vegetable oil in the world, and soybean meal accounts for 70% of global protein meal consumption [1] . Currently, the United States is the largest soybean producer in the world. Soybean is one of the most planted field crops in the United States, and the second most important crop that contributes to the total crop revenue in the country [1] . However, soybean production in the United States is threatened by several environmental stresses.
Drought is the major environmental factor limiting soybean yield in the United States [2] [3] [4] . It has been found that drought was associated with~13% of soybean yield variability in the United States over a 50 year period between 1958 and 2007 [5] . Improving yield under drought stress has become a major goal of soybean breeding programs in the United States. Even though drought tolerance is one of the most intractable breeding traits in soybean, researchers were able to identify the first drought-tolerant soybean in the 1980s, for which the drought tolerance behavior was attributed to the plant's ability to exhibit slow wilting under drought stress [4] . Since then, several exotic soybean
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Germplasm
The germplasm collection used in this study consisted of 373 soybean PI's (Table S1 ). All genotypes were of cultivated soybean (Glycine Max) type, and belonged to maturity group IV. A majority of these genotypes originated from South Korea (n = 246). 60 genotypes originated from China, 42 from Japan, and 13 from North Korea. Others originated from Georgia (n = 6), Russia (n = 2), India (n = 1), Mexico (n = 1), Romania (n = 1), and Taiwan (n = 1). The panel consisted of two groups of genotypes; the first group included 182 genotypes with high yields (>2.5 Mg ha−1) and the second group included 191 genotypes with relatively lower yields (<2.5 Mg ha−1) [18, 19] . All genotypes possessed good agronomic characteristics in terms of height, lodging, and shattering. The variability in country and province of origin of genotypes maximizes diversity of the panel. The panel was previously genotyped using genome-wide association analysis to identify single nucleotide polymorphism (SNP) markers associated with canopy wilting [20] , carbon isotope ratio (a surrogate measure of water use efficiency) [18] , and traits associated with nitrogen fixation [19] . More information regarding the genotypes is available from GRIN (Germplasm Resources Information Network, www.ars-grin.gov).
Seed Source
The seeds were originally obtained from GRIN, and were sown under field conditions in the 2016 summer season to increase the seed numbers. The resulting plants were harvested in the fall of 2016. After harvest, the soybean seeds were stored in a cold room at 5.6 • C and 50% relative humidity and maintained around 12% moisture content until use. Two hundred seeds of each genotype were weighed to characterize seed weight (200 seed weight). The seed quality of all genotypes was determined using the protocol given in the 'Uniform Soybean Tests-Southern States' [24] . Visual ratings were used to assess seed quality according to the amount and degree of wrinkled, cracked, greenish, or moldy seeds, using a scale of 1 = very good, 2 = good, 3 = fair, 4 = poor and 5 = very poor. Seed quality has been shown to be correlated with seed germination, if conditions for germination are favorable [25] . In addition, we observed 91% emergence at 80% PWHC in the present study (see 'Results'), which also indicates good germinability among various genotypes in the original seed lot. The germination rate of the seed lot was tested using random samples of 42 genotypes. Not all genotypes were tested because of limited seed numbers. However, all genotypes were grown, harvested, and stored in a similar manner, and all genotypes were inspected for seed quality. To test germination rates, 100 seeds were placed on moistened germination paper (Seedburo Equipment Co., Chicago, IL, USA) (50 seeds per genotype; thus, two genotypes per germination paper) and placed in a SD8900 germinator (Seedburo Equipment Co., Chicago, IL) at 22 • C with 12 h of light and 12 h of dark for 4 d [26] . The germination rate of genotypes varied between 90 and 96%.
Greenhouse Experiment to Measure Primary Root Length and Emergence
This research was conducted under controlled environmental conditions at the Department of Plant and Environmental Sciences, Clemson University, Clemson, SC during 2016-2017. A pot-study was conducted in a greenhouse to determine the PRL and emergence of soybean genotypes under various moisture levels (100, 80, 60, 40, and 20% PWHC). Pots of 1.4 L volume were filled with saturated potting soil (Sphagnum peat moss (>50%), bark, and perlite; Fafard®3B Mix Metro-Mix®830, SUNGRO Horticulture, Agawam, MA), left to drain overnight, and weighed to obtain weight at 100% water holding capacity. To get pots at 80, 60, 40, and 20% water holding capacity, pots were left to drop to a weight below that of the intended water holding capacity and rehydrated to the required weight. Three seeds of a single genotype, treated with the fungicide Bean Guard®/Allegiance®[captan (N-[(trichloromethyl)thio]-4-cyclohexene-1,2-dicarboximide)-carboxin (5,6-dihydro-2-methyl-N-phenyl-1,4 oxathiin-3-carboxamide)-metalaxyl (N-(2,6-dimethylphenyl)-N-(methoxyacetyl)alanine methyl ester) at the rate of 2 g per kg of soybean seed] were sown at 2.5 cm Agronomy 2019, 9, 118 4 of 10 depth in each pot. Care was taken to sow only whole soybean seeds, not splits or broken seeds. Each genotype was sown in four pots (replications) per each moisture level. At sowing, white-colored polyethylene vinyl acetate (PEVA) shower curtain liners were placed over the pots in order to minimize evaporative loss of water. Seven days after sowing, the emerged seedlings in each pot were counted to estimate emergence %. An emerged seedling was counted when at least both cotyledons were above the soil surface [27] . After recording emergence, seedlings were carefully pulled from the potting soil without damage to the primary roots. Primary root length was measured by stretching the primary root and measuring the distance between the cotyledonary node and the tip of the primary root. Pots were weighed daily during the whole experiment and watered according to pot weight to maintain them at the required moisture level. The daytime maximum/night time minimum temperatures of 30/20 • C and a photoperiod of 13 h were maintained in the greenhouse during the whole experiment.
Experimental Design and Statistical Analyses
This experiment was conducted using a split plot design and was repeated or replicated four times, with replications being the blocks. The whole plot factor was moisture level (five levels) separated on benches in the greenhouse, and the sub-plot factor was genotype (373 levels). The treatments (moisture levels and genotypes) were arranged in a two-factor factorial design. There were four replications for each moisture level (whole plot factor) and genotype in each moisture level (sub-plot factor). Moisture levels were randomly assigned to greenhouse benches for each replication in time. Also, genotypes were randomly assigned to pots within each moisture level. Genotype and moisture level were considered as fixed effects and replication was considered as a random effect in the analysis. Analysis of variance was performed using the GLIMMIX procedure in SAS (Version 9.4, SAS Institute) to find the effect of moisture levels, genotypes, and their interactions on PRL. Separation of least squares means was done based on the LSD test using the LSMEANS option in the GLIMMIX procedure. Analysis of covariance was performed using the GLIMMIX procedure to find the relationships among emergence, PRL, and seed size of the soybean genotypes [28] . The probability threshold level (α) was 0.05.
Laboratory Experiment to Measure Time Taken for Radicle Emergence
To estimate the TRE, a laboratory experiment was conducted following the "Rules for Testing Seeds" of the Association of Official Seed Analysts (AOSA) [29] . Twenty seeds of each genotype treated with the fungicide Bean Guard®/Allegiance ® 
alanine methyl ester) at the rate of 2 g per kg of soybean seed] were placed in between moist Whatman no. 42 filter papers in a petri dish (internal diameter, 9 cm). Filter papers were thoroughly moistened, but not to the point of dripping, using reverse osmosis (RO) filtered water. Seeds were as uniformly spaced as possible. Only whole soybean seeds, not splits or broken seeds, were used for the experiment. There were four petri dishes (replications) per genotype; thus, a total of 80 seeds were sampled per genotype. Petri dishes with seeds were placed at 25 • C in an incubator under dark conditions. Each petri dish was checked for radicle emergence every 24 h up to 384 h, or until 85% of seeds in that petri dish (i.e., 17 out of 20 seeds) produced a radicle (whichever happens first). A seed was counted to have a radicle when the emerged radicle was of at least 1 cm in length. In every 24 h, each seed that produced a radicle was counted and removed from each petri dish, and the dishes were returned to the incubator. The hours required by 85% of the seeds in a petri dish to produce a radicle was denoted as TRE of that particular dish (replication). Filter papers in each petri dish were checked every 24 h and water was applied to compensate any moisture loss.
Experimental Design and Statistical Analyses
This experiment was conducted using a completely randomized design with four replications per genotype. Genotype was treated as a fixed effect and replication was treated as a random effect. Analysis of variance was performed using the GLIMMIX procedure in SAS to find the effect of genotypes on TRE. The probability threshold level (α) was 0.05.
Results
Genetic Variability for Primary Root Length and Time Taken for Radicle Emergence
The analysis of variance results on effects of moisture level, genotype, and/or moisture level-by-genotype interaction on PRL and TRE are given in Table 1 . Since no genotypes emerged at 20% pot water holding capacity, that moisture level was excluded from the analysis of variance for PRL. The effect of genotype was significant on PRL and TRE. The effect of moisture level was significant and the effect of moisture level-by-genotype interaction was not significant on PRL. Primary root length was similar at 80 and 60% PWHC (Figure 1 ). Primary root length at 100% PWHC was 20% less than that at 80 and 60% PWHC. Primary root length drastically decreased at 40% PWHC, compared to the other moisture levels (75% decrease, compared to 100% PWHC and 80% decrease, compared to both 80 and 60% PWHC). Frequency distributions of PRL ( Figure 2 ) and TRE (Figure 3) showed the extent of genetic variability for these traits. Primary root length ranged between 4 cm and 14 cm (Table S1 ). Time taken for radicle emergence ranged between 48 h and 336 h for 369 genotypes; three genotypes failed to produce a radicle even at 384 h (the total experiment duration) (Table S1 ). One genotype (PI 532466A) Frequency distributions of PRL ( Figure 2 ) and TRE (Figure 3) showed the extent of genetic variability for these traits. Primary root length ranged between 4 cm and 14 cm (Table S1 ). Time taken for radicle emergence ranged between 48 h and 336 h for 369 genotypes; three genotypes failed to produce a radicle even at 384 h (the total experiment duration) (Table S1 ). One genotype (PI 532466A) was not tested for TRE due to unavailability of seeds. Figure 2 ) and TRE (Figure 3) showed the extent of genetic variability for these traits. Primary root length ranged between 4 cm and 14 cm (Table S1 ). Time taken for radicle emergence ranged between 48 h and 336 h for 369 genotypes; three genotypes failed to produce a radicle even at 384 h (the total experiment duration) (Table S1 ). One genotype (PI 532466A) was not tested for TRE due to unavailability of seeds. We identified soybean genotypes with increased PRL across moisture levels, which quickly produced a radicle (Table S1) . When averaged across 100, 80, 60, and 40% PWHC, 18 genotypes had PRL ≥ 12 cm. These genotypes were PI 398939, PI 398965, PI 398987, PI 404199, PI 407892A, PI 408175, PI 424346, PI 424535A, PI 424614, PI 438307, PI 507382, PI 508293, PI 538376, PI 567201D, PI 567606, PI 597480A, PI 603457A, and PI 603543B. Among them, four genotypes (PI 424614, PI 508293, PI 438307, and PI 567201D) had PRL > 13 cm. Genotypes PI 398965, PI 404191, and PI 438307 also had ≥ 80% emergence, when averaged across all moisture levels. While most genotypes took ≥ 4 d for radicle emergence, 19 genotypes produced a radicle in less than 3 d. These genotypes were PI 407845A, PI 407959A, PI 408124A, PI 424479, PI 508293, PI 538378, PI 538389, PI 561303, PI 567496, PI 567498, PI 567523, PI 567527, PI 567531, PI 567532, PI 567535A, PI 567540A, PI 567572B, PI 567620B, and PI 603543B. Among them, two genotypes (PI 407845A and PI 538389) had ≥ 80% emergence, when averaged across all moisture levels. All the 11 genotypes that had ≥ 80% emergence produced a We identified soybean genotypes with increased PRL across moisture levels, which quickly produced a radicle (Table S1) . When averaged across 100, 80, 60, and 40% PWHC, 18 genotypes had PRL ≥ 12 cm. These genotypes were PI 398939, PI 398965, PI 398987, PI 404199, PI 407892A, PI 408175, PI 424346, PI 424535A, PI 424614, PI 438307, PI 507382, PI 508293, PI 538376, PI 567201D, PI 567606, PI 597480A, PI 603457A, and PI 603543B. Among them, four genotypes (PI 424614, PI 508293, PI 438307, and PI 567201D) had PRL > 13 cm. Genotypes PI 398965, PI 404191, and PI 438307 also had ≥ 80% emergence, when averaged across all moisture levels. While most genotypes took ≥4 d for radicle emergence, 19 genotypes produced a radicle in less than 3 d. These genotypes were PI 407845A, PI 407959A, PI 408124A, PI 424479, PI 508293, PI 538378, PI 538389, PI 561303, PI 567496, PI 567498, PI 567523, PI 567527, PI 567531, PI 567532, PI 567535A, PI 567540A, PI 567572B, PI 567620B, and PI 603543B. Among them, two genotypes (PI 407845A and PI 538389) had ≥ 80% emergence, when averaged across all moisture levels. All the 11 genotypes that had ≥ 80% emergence produced a radicle in ≤ 4.5 d (Table S1 ).
Frequency distributions of PRL (
Relationships among Emergence, Primary Root Length, and Seed Weight of Soybean Genotypes
Analysis of covariance provided the relationships among emergence, PRL, and seed size of soybean genotypes (Table 2 ). In the analysis of covariance, a significant slope (p < 0.05) for the relation between the response variable and co-variate indicates the existence of a relationship between them. When averaged across various moisture levels (100, 80, 60, and 40% PWHC), emergence (response variable) and PRL (co-variate) were positively correlated with a significant positive slope and an R 2 of 0.81 (Table 2 ). This might be an indication that the co-variate, PRL, positively influences the emergence of soybean. When this relationship was investigated at 100, 80, 60, and 40% PWHC separately, we found that the relationship was stronger at 60 and 40% PWHC than at 100 and 80% PWHC (indicated by larger R 2 values at 60 and 40% PWHC) ( Table 2) . Two hundred seed weights of the genotypes ranged from 14 to 77 g (Table S1 ). Seed weight was not related with emergence and PRL (slopes not significant; Table 2 ). 4 , covariate − primary root length 4 2.833 (p < 0.0001) 49.28 (p < 0.0001) 0.54 y = emergence 5 , covariate − primary root length 5 0.162 (p = 0.17) 88.83 (p < 0.0001) N/A y = emergence 6 , covariate − primary root length 6 2.49 (p < 0.0001) 37.50 (P < 0.0001) 0.70 y = emergence 7 , covariate − primary root length 7 4.150 (p < 0.0001) 2.366 (p < 0.0001) 0.81 y = emergence 3 
Discussion
The soybean panel used in this study was previously utilized for multiple genetic analyses due to its promising diversity and usefulness in soybean breeding [18] [19] [20] . The population structure of the panel has been assessed by genome-wide association analysis that revealed novel SNP biomarkers for traits associated with drought tolerance: canopy wilting, carbon isotope ratio (a surrogate measure of water use efficiency), and nitrogen traits [18] [19] [20] . These traits were measured at the late vegetative or flowering stages. As the present research provides additional information on the panel related to drought tolerance of the genotypes during the planting period, it increases the usefulness of the panel in soybean breeding for drought tolerance.
We identified the best genotypes in terms of PRL and TRE, (listed in the 'Results' section). Among them, certain genotypes also had high level of emergence. For example, genotypes PI 438307, PI 398965, and PI 404191 had >12 cm PRL and ≥80% emergence (when averaged across moisture levels). Similarly, genotypes PI 407845A and PI 538389 produced a radicle in less than 3 d, and also had ≥80% emergence. It is worth noting that genotypes PI 404199, PI 597480A, and PI 603543B, which had a PRL > 12 cm and PI 567532 and PI 603543B, which produced a radicle in less than 3 d (Table S1) , were slow wilting genotypes [20] . All genotypes with >90% emergence at 100, 80, and 60% PWHC are listed in Table S2 . Among them, genotypes PI 398965, PI 404191, and PI 538389 also had ≥50% emergence at 40% PWHC (Table S3) . Interestingly, genotype PI 398965 had 100% emergence at 100, 80, and 60% PWHC. The The positive relationship between PRL and emergence of soybean genotypes was stronger at lower moisture levels (60 and 40% PWHC) ( Table 2 ). The R 2 for the relationship between PRL and emergence increased with a decrease in PWHC, suggesting a stronger effect of PRL on emergence at low moisture levels. As primary roots are the first-formed roots in soybean, long primary roots help reach deeper soil layers where water is available and can improve emergence at low soil moisture levels, and thus, drought tolerance at the seedling stage [30, 31] . Our results indicate that the importance of PRL in improving emergence becomes greater with decreases in soil moisture levels or increases in drought severity.
Primary root length at 80 and 60% PWHC was greater than that at 100% PWHC. This could be because the slight decrease in water availability at 80 and 60% PWHC, compared to 100% PWHC, might have triggered primary root growth to improve exploration of water. Primary root length did not decrease at 60% PWHC, compared to 80% PWHC. However, PRL drastically decreased at 40% PWHC, compared to 100, 80, and 60% PWHC (≥75% decrease). This means that low moisture levels such as 40% PWHC impose a significant stress to soybean primary root growth. Taken together, the above results show that, though up to 40% decrease in moisture levels from a 100% PWHC increases PRL, further decreases to low soil moisture contents of ≤40% PWHC will considerably decrease it.
Eleven out of eighteen genotypes that had >12 cm PRL ( Figure 2 ) were PI's from South Korea (Table S1 ). However, in the present study, the numbers of genotypes originating from various countries were not uniform. Also, 66% of the genotypes originated from South Korea only. Thus, further studies are required to evaluate whether the country of origin has any influence on PRL.
Farmers often expect greater germination and emergence for varieties with larger seeds. In our study, we found that seed weight (related with seed size) had no relationship with emergence and PRL ( Table 2) . Our results do not support the perception that larger seeds will lead to better emergence and stand establishment. Similar results have been found in our previous research that soybean seed weight is not related with root traits such as total root length, surface area, and volume [32] .
Since drought stress, occurring at the planting period of soybean, is common in the southeastern United States and many other soybean growing regions of the world, good emergence at low soil moisture conditions will be a beneficial trait for the varieties developed for these regions. Our research has identified traits that may contribute to this behavior. The genotypes with increased PRL, TRE, and/or emergence can be included in the soybean breeding programs for developing drought tolerant varieties for the southeastern United States and beyond.
In summary, the present study identified genotypes with increased PRL across moisture levels that quickly produce a radicle, which are listed under the 'Results' section. Among them, certain genotypes also had high level of emergence. For example, genotypes PI 438307, PI 398965, and PI 404191 had increased PRL and high level of emergence across moisture levels. Similarly, genotypes PI 407845A and PI 538389, which possessed the ability to quickly produce a radicle, also had high levels of emergence. The PRL had a positive relationship with emergence, suggesting that long primary roots can improve emergence. The relationship was stronger at lower moisture levels, indicating that the importance of PRL in improving emergence becomes greater with decreases in soil moisture levels or increases in drought severity. Seed weight was not related to PRL and emergence, which indicated that larger seeds will not necessarily have greater PRL and better emergence under low and adequate soil moisture levels.
Conclusions
The present study evaluated a diverse soybean panel of 373 PI's for PRL under five different moisture levels (100, 80, 60, 40, and 20% PWHC) and TRE, identified genotypes with increased PRL and that quickly produced a radicle, and found a positive relationship between PRL and emergence that became stronger with decreases in soil moisture levels. Because very little or no work has been done on soybean emergence in response to drought, and to the best of our knowledge, this study is the first one evaluating a large, diverse soybean germplasm collection for putative traits related with emergence under various moisture levels, our results offer important information and useful genetic material for improving soybean drought tolerance at the emergence stage. As the soybean panel used in this study was previously assessed through genome-wide association analysis for traits associated with drought tolerance at the late vegetative and flowering stages, and the present research provides additional information on the panel, related to drought tolerance of the genotypes during the planting period, it increases the usefulness of the panel in soybean breeding for drought tolerance. Field research for further investigating the relevance of our controlled environmental research is warranted.
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